Spined and spineless forms of Entodinium caudatum were obtained by growth in vivo in the presence and absence, respectively, of Entodinium bursa. Washed suspensions of both forms engulfed all the bacteria tested although the spined form took them up 1-3 to 1.9 times more rapidly per unit volume of protozoon than did the spineless form. Butyrivibrio jibrisolvens and Selenomonas ruminantium were rapidly digested by the spined form after engulfment. Free amino acids were taken up on average 3.1 times and glucose approximately 60 times faster per unit volume of protozoon by the spined form. Limited amounts of protein were synthesized by the spined form from glucose and starch but engulfed bacteria and, to a lesser extent, free amino acids were probably the prinicpal sources of protein for growth of both forms.
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less) E. caudatum. One sheep was used as a source of the spineless form of E. caudatum from 1 month to 1 year after refaunation. To obtain the spined form of E. caudaturn, E. bursa was introduced similarly into the rumen of another sheep 10 d after E. caudatum. This sheep was only used as the source of the spined form after a fairly stable mixed population of E. caudatum and E. bursa had developed and at those times when large numbers of the former were present (Coleman, 1980) . Protozoal counts. Samples (0-5 ml) of washed protozoal suspensions were fixed with 0.1 M KI/12 ( 5 ml) and all the protozoa in 0.1 ml of the mixture were counted microscopically.
Harvesting of protozoa for metabolic experiments. Rumen contents (200 to 300 ml) were removed 17 h after feeding, strained through a layer of muslin and allowed to stand in a separating funnel at 39 "C. After 30 min the protozoa that had settled to the bottom were run out with some of the fluid into a 50 ml centrifuge tube and centrifuged (300 g, 2 min, room temperature). The sedimented protozoa were resuspended in salt solution D [containing (g I-l): K2HP04, 6.3; KH2P04, 5.0; NaCI, 0.65; CaCl,, dried, 0.045; MgS0,.7H20, 0.091 and recentrifuged as above. When only E. caudatum was present, the washing was continued using short spins (on a swing-out centrifuge for 20 s from rest, maximum speed 200 g) until a clean pellet was obtained. Any green material present on top of the protozoa after each centrifuging was removed. Entodinium caudatum and E. bursa were separated by successive differential settlings under gravity. Both protozoa were then washed by centrifugation (200 g, 20 s, up to 4 times). Such suspensions contained about 97 O, , E. caudatum (range 92 to 100%). Washed protozoa were finally resuspended in salt solution D containing 0-1 % cysteine.HCI and bubbled for 2 min with N,/C02 (955, v/v) before addition to the incubation medi urn. Incubation conditions. Incubations were made in thick-walled centrifuge tubes that contained 0.03 to 0.50 ml 14C-labelled bacteria, starch, glucose or amino acids, 0 or 0.04 ml0-3 "/o (w/v) chloramphenicol (as indicated), 0 to 1.0 ml protozoal suspension and 0 to 1-47 ml salt solution D containing 0.1 (;(, cysteine. HCI to give a final volume of 1.5 ml. After inoculation N2/C02 (95:5, v/v) was bubbled through the medium for 15 s at room temperature and the tube was then sealed with a rubber bung and incubated at 39 "C. Harvesting theprotozoa after incubation. The protozoa were centrifuged (200 g, 20 s) and washed by centrifugation ( x 3) in salt solution D at room temperature. They were then either plated out for the determination of radioactivity or suspended (1 x lo4 to 1-2 x lo6 ml-l) in 2 ml water and disrupted (see below). Any bacteria present were sedimented (2000 g, 20 min, room temperature) from the first supernatant fluid obtained after removal of the protozoa and samples of the second supernatant fluid were placed on planchets for estimation of 14C free in the medium. Disruption of protozoa by sonication. The protozoal suspension was disrupted in an ultrasonic cleaning bath (average output 80 kHz, average energy, 40 W, room temperature) until no protozoa could be detected microscopically (see . The crude homogenate was used for metabolic experiments or centrifuged (5500 g, 20 min, 4 "C) to yield the supernatant fluid (cytoplasmic fraction) and the broken-cell pellet (pellet, after washing once in water). When the protozoa were disrupted before incubation, the homogenate was centrifuged and washed twice in salt solution D (5500 g, 20 min, 4 "C) before plating out for the determination of radioactivity. This pellet was similar to the broken-cell pellet referred to above and contained any bacteria, polysaccharide granules or cellulose that had been present in the protozoa. 14C-labelled starch grains. These were prepared by incubation of [U-'*C]glucose with rumen holot rich protozoa (see Coleman, 1969) .
Culture ofbacteria and yeast. Rumen bacteria were grown on medium 2 of Hobson (1969) with the addition of [2-14C]uracil or [8-14C]guanine [O-1 ,uCi (3.7 kBq); 0.4 pg ml-l). Other bacteria and the yeast were grown as described by Coleman (19676) . Mixed rumen bacteria were labelled with [U-14C]isoleucine as described by Coleman & Sandford (1 979).
Determination of radioactivity. 14C was estimated by pipetting a sample on to an aluminium planchet of area 4.7 cm2 carrying a disc of lens tissue. The sample was spread by one drop of cetyltrimethylammonium bromide solution (5 mg ml-l) and fixed by one drop of polyvinyl alcohol (2 mg ml-l). The disc was dried at room temperature and the radioactivity was estimated in an automatic flow counter (Nuclear Chicago Corp.) with an efficiency of about 20 %.
Uptake of bacteria and other compounds. This was calculated from the specific activity of the starting material and the amount of radioactivity found in the protozoal fraction at the end of the incubation. I n experiments using 14C-labelled bacteria, all uptakes were corrected for values obtained at 0 "C and measurements of 14C free in the medium were corrected for values obtained in the absence of protozoa.
To determine the maximum number of bacteria engulfed, a fixed number of protozoa was incubated with a series of different population densities of the bacterium under investigation. The number of bacteria taken up was then determined at each population density. The theoretical maximum number of bacteria engulfed at infinitely dense bacterial population density was obtained by extrapolation to the ordinate of a reciprocal plot of bacterial uptake against tacterial population density.
The volume of medium cleared of bacteria per protozoon was the product of the volume of medium occupied by each bacterium initially and the number of bacteria engulfed per protozoon. The theoretical maximum volume cleared from an infinitely dilute suspension was obtained by extrapolation to the ordinate of a reciprocal plot of the volume of medium cleared of bacteria against the volume occupied by each bacterium initially.
Analytical methods. Protozoa were fractionated as described by Coleman (1 969). The residual protein was hydrolysed (6 M-HCI, 105 "C, 16 h in a sealed tube) and after removal of the acid, the amino acids were separated by two-dimensional paper chromatography in 2-butanol/formic acid/H,O (70: 10: 20, by vol.) and phenol/NH, (sp.gr. 0-880)/H20 (80 g:O-3 ml:20 ml). The position of 14C compounds was detected by autoradiography. The presence of glucose was detected by the method of Coleman (1969) . The number of bacteria in a suspension was estimated by the method of Owen & Coleman (1977) .
RESULTS

Organisms
The spineless form of E. caudatum measured 60 ( f 9) x 37( k 4) pm (n = 21 ; range 48 to 74 and 34 to 41 pm) and the body (omitting the spines) of the spined form measured 60 ( k 7) x 50 (k 4) pm (n = 20; range 49 to 69 and 48 to 56 pm). The overall length of the spined form was 95 ( t 9) pm (n = 20; range 90 to 11 5 pm). If it is assumed that the protozoa are cylindrical, the volume of the spineless form was 64.5 x lo3 pm3 and that of the spined form was 117.8 x lo3 pm3, and so the ratio of their volumes was 1 : 1.82.
Engulfment and digestion of bacteria
Uptake of bacteria by washed suspensions of both forms of E. caudatum was followed by incubation of washed suspensions of 14C-labelled bacteria with protozoa under anaerobic conditions. The incorporation of radioactivity into the latter was measured after separating the bacteria and protozoa by differential centrifugation. The uptake, which proceeded for at least 6 h, was dependent on the presence of intact living protozoa and ceased at 0 "C.
Rates of uptake of bacteria were compared on the basis of the number of bacteria engulfed at infinitely high bacterial population density. This probably measures a protozoon's ability to engulf bacteria without pursuit and may depend on the size and shape of the bacteria. As each protozoon has a finite capacity it also depends on the volume of the bacterium. The uptake of bacteria can also be measured in terms of the volume of medium cleared of bacteria by the protozoa. Comparison between bacterial species was then made on the basis of the volume of medium cleared of bacteria from an infinitely dilute suspension. This probably measures the protozoon's ability to find, catch and engulf bacteria from a large volume of medium and is less dependent on the size and shape of the bacteria. In order to relate these findings to conditions in the rumen, results are also given (Table 1) for uptake of bacteria from a population density of 109ml-l, which is approximately the number of viable bacteria present in the rumen (Hungate, 1966) .
The numbers of Bacillus megaterium, Torulopsis glabrata and Selenomonas ruminantium engulfed by both forms of E. caudatum at infinitely high bacterial population density and at 109 bacteria ml-l were lower than those for other bacteria ( Table 1) . As the packed cell volumes (obtained by centrifuging at 3000 g, 20 min) of these organisms were 10.8, 8-5 and 1.6 times that of Butyrivibrio jibrisolvens (1*0), this showed that the volume of Ba. megaterium (with the spined form) and T. glabrata taken up was comparable to the volume of Bu.$brisolvens and other bacteria. The low rate of uptake of Ba. megaterium by the spineless form, even after allowing for the large volume of the bacterium, suggested that the smaller spineless form had difficulty in engulfing this large rod. The maximum volume cleared of this bacterium was, however, comparable to those with other bacteria suggesting that the problem lies in rapid engulfment rather than in catching the bacterium. The apparent low rate of uptake of S. ruminantium, on the basis of number or volume of bacteria engulfed, t The volume cleared when the suspension was infinitely dilute, determined as described in Methods.
1 The number of digested bacteria in the medium after 4 h divided by the number of bacteria found in the protozoa after that time at an initial bacterial or yeast population density of 0.1 to 1.0 x log ml-l.
was associated with a high rate of digestion. Since 9 times as many bacteria were digested in 4 h as were found in the spined form of the protozoon at this time, the rate of uptake was [ 1 10 x 4 x (9 + 1)]/4 = 1100 bacteria protozoon-l h-l. The comparable result with the spineless form was 460 bacteria protozoon-l h-l. These results are similar to the others shown in Table 1 . Comparison of the rates of uptake of the single bacterial species given in Table 1 showed that at infinite bacterial population density and at lo9 bacteria ml-l the spined form engulfed bacteria on average 2-4 and 3-4 times faster, respectively, than the spineless form. Apart from 5'. rurninantium, only Ba. megaterium, R. Jlavefaciens (occasionally) and Bu. Jibrisolvens (to a very marked extent with the spined form) were digested with the release of soluble compounds into the medium. Mixed rumen bacteria labelled with [14C]isoleucine were engulfed more rapidly than most of the pure bacterial or yeast preparations and were digested slowly, the first soluble digestion products appearing after about 5 h.
Uptake of free amino acids Uptake of amino acids was studied at 0.1 mM which is approximately their concentration in the rumen (Hungate, 1966). As bacteria were associated with the protozoa, the uptake was followed under two conditions ( Table 2 ). In the first, freshly harvested protozoa were incubated with individual l4C-label1ed amino acids for 1 h when incorporation should be into both protozoa and bacteria. In the second, the protozoa were incubated with chloramphenicol (80pg ml-l) for 5.5 h to inhibit protein synthesis in the bacteria and the 14C- labelled amino acid was added 1 h before the end of the incubation, when incorporation should be only into protozoa. Under both experimental conditions the spined form of E. caudatum incorporated amino acids faster (average 5-5 times, range 2.6 to 10.5, when preincubated with chloramphenicol ; average 5-8 times, range 1 -5 to 1 1 -1, with freshly harvested protozoa) than the spineless form. Of the glycine incorporated after 3 h, 40%
was present in the broken-cell pellet (containing any bacteria present in the protozoa) and 60 % was present in the cytoplasmic fraction : 30 % of this was found in protein. The amount of glycine taken up increased with increasing external glycine concentration but, as had been found with the uptake of many compounds by cultured E. caudatum (Coleman, 1967 (Coleman, a, 1969 , there was a sharp discontinuity in the curve at 6 mM on a reciprocal plot of uptake against concentration. As the left-hand part of the curve goes through the origin and as the right-hand part has a finite value on extrapolation to the ordinate this is interpreted, as before, as showing that there was an active uptake at low external concentrations and a passive uptake at high external concentrations. If the protozoa were disrupted before incubation with glycine there was no increase in the amount of 14C incorporated into the broken-cell pellet showing that the intracellular bacteria did not take up this amino acid rapidly, even when freely exposed to it.
Metabolism of glucose Glucose was actively taken up by the spined form of E. caudatum at a maximum rate (calculated from a reciprocal plot of uptake against glucose concentration and extrapolation to the ordinate) of 4.5 pmol protozoon-' h-l. Of the 2.7 pmol glucose taken up by each protozoon from an 0.83 mM solution in 4 h, 52 % was in the cytoplasmic fraction and of this 5.9 yo (equivalent to 0.021 pmol protozoon-l h-l) was in the protein fraction, principally in aspartic acid and alanine. Of the glucose-carbon in the broken-cell pellet, 63% was 27-2 present in polysaccharide (probably both bacterial and protozoal) and 6.5 51; in protein (in all the amino acids). In the presence of chloramphenicol (80 pg ml-I), which inhibits bacterial protein synthesis, incorporation into the cytoplasmic protein was unchanged whereas that into the protein of the broken-cell pellet was decreased by 50:/:,, suggesting that some incorporation into this fraction represented synthesis by intracellular bacteria. As E. caudatum (spined form) contained 1 ng protein in the cytoplasmic fraction these results show that, if glucose at 0.83 mM were the sole source of this protein, the protozoa could divide only every 1000/(0-021 x 180) = 264 h. At infinitely high glucose concentration the division rate would be every 40 h. Unlike the uptake of almost all soluble compounds by E. caudatum grown in vitro (Coleman, 1967a (Coleman, , 1969 and the uptake of glycine by the spined form (see above), there was no discontinuity in the curve of a reciprocal plot of glucose uptake against glucose concentration for the spined form.
In contrast to these results, the rate of uptake of glucose by the spineless form of E. caudatum grown in vivo was only 0.022 pmol protozoon-l h-l from a 0.83 mM solution and 0.042 pmol protozoon-l h-l at infinitely high glucose concentration. However, the distribution of glucose-carbon between the different protozoal fractions was the same.
Metabolism of starch
Studies on the synthesis of protein from starch grains, which are the usual source of carbohydrate available to the protozoa, were complicated because (i) it was not possible to prepare 14C-labelled holotrich starch free of 14C-labelled protein and (ii) when starch grains were added to the medium they were rapidly engulfed by the protozoa but only slowly digested, so that the total amount of 14C in the protozoa decreased during the remainder of the incubation.
On incubation of [U-14C]starch grains (279000 c.p.m., 1.8 mg containing 7500 c.p.m. in protein) with 188000 spined E. caudatum for 6 h in the absence of antibiotic or for 25 h in the presence or absence of chloramphenicol (80 pg ml-l), 390, 1 180 and 3280 c.p.m., respectively, were found in cytoplasmic protein and 1400, 2450 and 7850 c.p.m. were found in the protein of the broken-cell pellet. The net increase in the amount of protein present after 25 h in the absence but not in the presence of chloramphenicol suggested that some bacterial protein synthesis was occuring in the absence of antibiotic. However, even if it is assumed that all the protein found under these conditions was synthesized from starch, only 4.5 pg cytoplasmic protein h-l would be derived from this source. If this were the sole source of protein it would allow for division only every 222 h. Similar results were obtained with soluble [UJ4C]starch which was not contaminated with protein but which would have been taken up less readily by the protozoa as it is not present in particulate form.
D I S C U S S I O N
These results show the danger of assuming that E. caudatum grown in vivo in the absence of other protozoa and having no caudal spine will behave similarly to the normally occurring spined form. The spined form is generally more active metabolically than the spineless form, taking up amino acids over 3 times faster, individual bacterial species 1.3 to 1.9 times faster, mixed rumen bacteria 3.8 times faster and free glucose approximately 60 times faster after allowing for the difference in volume. However, there are also differences between the behaviour of the spineless form grown in vitro and in vivo, the former engulfing mixed rumen bacteria 2.5 times faster, glucose 10% faster and amino acids at only 0.77 times the rate obtained with the latter (Coleman, 1969 (Coleman, , 1975 Coleman & Laurie, 1974) . No form of E. caudatum showed any very marked preference or aversion for any bacterial species under any conditions (Coleman, 1964) . As with the spineless form grown in vitro, the two forms studied above showed considerable variation in the rate at which different bacterial species were digested. The significance of the inability of the spined form to digest Escherichia coli, which is digested rapidly by E. caudatum grown in vitro, together with the high rate of digestion of ButyrivibrioJibrisolvens and SeIenomonaA ruminantium by the spined form is not clear.
As no form of E. caudaturn can be grown axenically, the preferred source of amino acids for protein synthesis for growth can only be determined indirectly by the use of washed suspensions which may not behave in the same way as growing protozoa. As the protozoa contain bacteria which, after disruption of the protozoa, are found in the broken-cell pellet, only the rate of incorporation of materials into the cytoplasmic protein will be considered. As each spined E. caudatum contains 1 ng cytoplasmic protein, 41.6 pg h-l must be synthesized for the protozoa to divide every 24 h. The rate of engulfment of mixed rumen bacteria from a population of lo9 bacteria ml-l is 340 bacteria protozoon-l h-l. As each bacterium contains 0.1 8 pg protein and as half of the bacterial carbon taken up appears in the cytoplasmic fraction, then (340 x 0.18)/2 = 30.6 pg protein h-l could come from this source and allow division every 34 h. However, the rate of engulfment of mixed rumen bacteria was markedly dependent on the bacterial population density with uptake rates of 620 and 1260 bacteria protozoon-l h-l at 2 x log and 5 x lo9 bacteria ml-l, respectively. These uptake rates would allow division every 18 and 9 h, respectively. As shown above, glucose (at low concentrations) and starch are unlikely to be important sources of protein but free amino acids (at 0.1 mM) could supply each protozoon with 17.1 pg protein h-l. As 60 to 80 o/o of this appears in cytoplasmic protein, this would allow for division every 83 h.
Similar calculations on the source of protein for the growth of the spineless form showed that at 1 x log mixed rumen bacteria ml-1 division could occur every 47 h and at 5 x lo9 bacteria ml-l it could occur every 14 h.
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